Lactic acid bacteria (LAB) are generally recognized as safe (GRAS) and beneficial bacteria and used for fermentation of dairy, vegetable, and meat products. Kimchi is a Korean traditional food fermented by LAB including Lactobacillus, Leuconostoc, and Weissella [10] . During fermentation, they improve the flavor and taste, and produce bacteriocins for food preservation by prevention from food spoilage. In addition, they are also known as probiotics and used as dietary supplements for health promotion. Because they are accepted as GRAS bacteria, their molecular studies have been conducted for production of useful compounds and secondary metabolites. In addition, their extrachromosomal elements, plasmids, especially from Lactobacillus and Lactococcus, were studied as genetic tools via expression vector construction for foreign gene expression. Recently, LAB genome sequencing and analysis were conducted worldwide to elucidate their fermentation abilities and health-promoting benefits. Since the first genome sequence analysis of Lactococcus lactis IL1403 was reported in 2001 [4] , more than 45 complete genome sequences of Lactobacillus, Lactococcus, and Leuconostoc are available in the GenBank database to date. However, the genome sequence of Weissella has not been reported yet before 2010. Most recently, a draft genome sequence of Weissella cibaria KACC 11862 was reported, showing its genome adaptation to a vegetable fermentation environment [13] .
Whereas the sequencing and characterization of various plasmids from Lactobacillus, Lactococcus, and Leuconostoc have been reported for the last few decades, the first plasmids, pKLCA and pKLCB from W. cibaria KLC140, were just sequenced and characterized [18] . However, they
were not yet used for construction of a gene expression/ secretion vector in Weissella for gene expression and production of useful and beneficial compounds. For construction of a secretion vector in LAB, surface layer proteins encoded by the slpA gene were used for construction of a slpA-fused gene with target gene and then the fused genes were cloned into LAB expression vectors [21] .
In this study, a novel small plasmid, pKW2124, was isolated from W. cibaria KLC140 and the plasmid DNA was sequenced and characterized using bioinformatics. Moreover, it was used for construction of a surface layer expression vector, pKWCSLGFP containing the slpA gene cluster fused with the gfp gene (SLGFP gene) as a reporter. The expression of the SLGFP fusion gene was confirmed by detection of GFP fluorescence. This surface expression vector system in Weissella is the first vector for applications for production of useful compounds.
MATERIALS AND METHODS
Bacteria, Plasmids, Primers, and Growth Conditions W. cibaria KLC140 is a host strain harboring pKW2124, and Lactobacillus acidophilus L-1-21 was used for PCR amplification of gene slpA for construction of the secretion vector. E. coli DH5α (Invitrogen, Carlsbad, CA, USA) was used for a transformation host. The pGEM-T easy vector (Promega, Madison, WI, USA), pUC19 cloning vector (Promega), and pGFP (Clontech, Mountain View, CA, USA) were purchased from the manufacturers. The chloramphenicol acetyltransferase (CAT) gene was obtained from pEK104 for selection [19] . LAB strains were incubated anaerobically at 37 o C in ManRogosa-Sharpe (MRS) medium (Difco, Detroit, MI, USA) and E. coli was incubated with shaking at 37 o C in Luria-Bertani (LB) medium (Difco). The plasmids used in this study are listed in Table 1 . Chloramphenicol and ampicillin (Sigma, St. Louis, MO, USA) were used in the media for selection of transformants at 10 and 50 µg/ml, respectively.
DNA Preparations, Sequencing, and General Molecular Techniques Plasmid preparation from E. coli, general restriction enzyme digestion, ligation and transformation into E. coli were conducted according to the standard procedures of Sambrook and Russell [22] . Plasmid and genomic DNA preparations from W. cibaria and Lactobacillus acidophilus were followed as previously described by Park et al. [18, 19] . The sequence of pKW2124 was achieved using the subcloning and primer walking approach [18] .
Plasmid Sequence Analysis DNA and amino acid sequences were handled and analyzed using DNASTAR (DNASTAR, USA) and Artemis12 [7] programs. Prediction of open reading frames (ORFs) was conducted with GeneMark [2] and FgenesB (Softberry, Mount Kisco, NY, USA) programs. Gene annotation and similarity analysis were performed using BLAST programs of the National Center for Biotechnology Information (NCBI) [1] . The conserved functional protein domain analysis of the predicted ORFs was conducted using the InterProScan program of the European Bioinformatics Institute (EBI) (http://www.ebi.ac.uk/InterProScan/) and NCBI Conserved Protein Domain Database (CDD) [15] . Multiple sequence alignment analysis was performed using the BLAST2SEQ [25] and CLUSTAL X [26] programs.
Determination of Plasmid Replication Mode by Single-Stranded DNA Detection
To determine the replication mode of pKW2124 in Weissella, the accumulation of single-stranded DNA intermediates was evaluated by S1 nuclease digestion on pKW2124 directly isolated from W. cibaria KLC140 host strain and detected by Southern hybridization using a DIG DNA labeling and detection kit (Roche, Indianapolis, IN, USA), as previously described [19] .
Purification of Surface Layer Proteins and SDS-PAGE/Western Blot Analyses
To isolate and purify surface layer proteins from Lactobacills acidophilus ATCC 233, W. cibaria KLC140, and W. cibaria pKWCSLGFP transformant, they were incubated anaerobically at 37 o C until the OD at 600 nm reached 1.0. Bacterial cells were Table 1 . Primers used in this study.
Primers
harvested by centrifugation at 12,000 ×g for 10 min and the supernatant was discarded. The cells were resuspended and washed twice using a PBS buffer (pH 7.8). Washed cells were resuspended with 0.05 volume of 1 M LiCl and incubated at room temperature for 30 min. To isolate surface layer protein, the cell pellet collected after centrifugation was resuspended with 0.01 volume of 5 M LiCl and incubated at room temperature for 1 h. After collection of the supernatant by centrifugation, it was filtered through a 0.45 µm filter system and dialyzed using a 5-8 kDa cutoff membrane (Spectrum Laboratories) with 3, 1, and 0.05 M LiCl solutions, respectively. The purified surface layer proteins were freeze-dried at -20 o C for 30 min and resuspended with a fresh PBS buffer for subsequent SDS-PAGE and Western blot analyses. SDS-PAGE and Western blot analyses with GFP antibody were performed using standard protocols previously described by Sambrook and Russell [22] .
Nucleotide Sequence Accession Number
The complete sequence of pKW2124 has been deposited into the GenBank Data Library under the accession number EU236595.
RESULTS

Sequence Analysis of pKW2124
Weissella cibaria KLC140 was isolated from traditionally fermented Korean kimchi and previously identified using 16S rDNA sequence analysis [18] . In this strain, six plasmids were detected using agarose gel electrophoresis (Fig. 1) . The smallest plasmid, pKW2124, was selected for sequence analysis and expression vector construction. For complete sequencing, this plasmid was digested using XbaI as a single cutter and cloned into the XbaI site of pUC19. Sequencing of the plasmid determined it to be 2,126 bp in length with a GC content of 36.39%, which is much lower than that of Weissella cibaria chromosomal DNA (45%) [13] , suggesting that it may be transferred from other bacteria. Plasmid sequence analysis revealed five open reading frames (ORFs) containing one replication protein (ORF1) and four hypothetical proteins (ORF2 to ORF5) ( Table 2) .
The predicted protein from ORF1 (putative replication protein) consisted of 318 amino acids and was similar to other rolling circular replication (RCR) proteins from Lactobacillus plantarum pLP1 [6] , pLP2000 [8] , and pC30il [23] , and L. paraplantarum pC7 [20] , suggesting that it may replicate via the RCR mechanism (Table 2 ). In addition, a putative ribosome binding site (RBS) and two putative promoter sites were detected upstream of ORF1, suggesting this ORF encodes a replication protein for plasmid replication initiation (Fig. 2) . In addition, ORF2 was similar to a conserved protein from Pseudomonas putida and ORF3 was similar to a hypothetical protein from pWCFS101 of L. plantarum WCFS1. However, ORF4 and ORF5 did not show any match in the BLASTN database search (Table 2) .
Predicted Origin of Replication
The predicted origin of replication (ori) appeared to be very similar to those of other homologous plasmids such as pLP1, pLP2000, pC30il, and pC7 isolated from closely related host bacteria. Furthermore, their replication initiation sites shared 100% identical sequence, 5'-TCTTATCTTGATA-3', and this replication initiation site is also highly conserved in other plasmids such as pC194 [9] and pUB101 [16] from Staphylococcus aureus (Fig. 3) , suggesting that this ori may function for replication initiation.
Replication Mechanism of pKW2124
The accumulation of single-stranded DNA (ssDNA) in the host strain is indicative of rolling circular replication of the plasmid. To confirm the replication mechanism of pKW2124 in W. cibaria KLC140, the plasmid was isolated and digested by S1 nuclease. S1-digested and undigested plasmid isolates were separated by standard agarose gel electrophoresis and the accumulated ssDNA was monitored by Southern hybridization (Fig. 4) . Interestingly, no ssDNA was detected in the S1 undigested plasmid isolate comparing with S1 digested plasmid isolate, suggesting that pKW2124 is replicated via theta replication.
Sequence Analysis of slpA from Lactobacillus acidophilus
The DNA sequence of slpA encoding surface layer protein from L. acidophilus ATCC 4356 is available in the GenBank database (Accession No. X89375) [5] . Therefore, slpAspecific primers, Slp-f (slpA-PCR Forward) and Slp-r (slpA-PCR Reverse) containing NheI restriction enzyme sites, were designed and used for PCR amplification of a slpA gene cluster from L. acidophilus L-1-21 (Table 3 ). The PCR product was TA cloned into a commercial pGEM-T easy vector, forming pTSLP (Fig. 5) . Then the pTSLP vector was used for complete sequencing of the insert DNA using commercial T7 and SP6 universal primers (Promega). Sequence analysis of a 1.68 kb PCR product targeting the slpA gene cluster showed that it has two ORFs ( Fig. 6 ) and its comparative analysis using BLASTN revealed that the DNA sequence of ORF1 has >99% identity to surface layer protein genes of L. acidophilus NCFM and L. acidophilus ATCC 4356, and the DNA sequence of ORF2 also has >99% identity to the SA-protein gene of L. acidophilus ATCC 4356, suggesting that this PCR product encodes putative surface layer protein genes (Table 3) .
Construction of a Shuttle Vector Expressing GFP Plasmid pKW2124 was linearized by XbaI digestion and cloned into the XbaI site of E. coli pUC19, forming the recombinant plasmid pKUW22 (Fig. 5) . A chloramphenicol resistance gene from pEK104 was chosen as the selection marker and it was double digested with NdeI and BamHI restriction enzymes and cloned into pKUW22 linearized by NdeI/BamHI double digestion, designated as pKUWCAT Fig. 3 . Conserved sequence (left to right, 5' to 3') within the plus-strand origins of pC194 family plasmids and pKW2124.
The conserved DNA sequences are in bold letters. Fig. 4 . S1 nuclease analysis of pKW2124 to confirm the existence of single-stranded DNA intermediates.
M, 1 kb DNA ladder; 1, undigested with S1 nuclease; 2, digested with S1 nuclease. (Fig. 5) . To obtain the slpA-encoding surface layer protein from pTSLP, two PCR primers (SlpR-f and SlpR-r containing KpnI sites in the ends) were used for PCR amplification of linearized pTSLP. Because of the PCR primer binding sites inside of the slpA gene cluster containing two surface layer protein genes, this gene cluster was cleaved and this linearized pTSLP PCR product contained KpnI sites in the ends for cloning. The PCR product containing the GFP gene was obtained by PCR amplification using a commercial pGFP plasmid as a PCR template with Gfp-f and Gfp-r primers containing KpnI sites. Then the KpnI-digested PCR product containing the GFP gene was cloned into the KpnI-digested PCR product containing linearized pTSLP, forming pTSLGFP (Fig. 5) . These pKUWCAT and pTSLGFP plasmids were linearized by NheI digestion and ligated to each other, resulting in an E. coli-Weissella shuttle vector, designated as pKWCSLGFP containing a SLGFP fusion gene as an expression marker (Fig. 5) .
Expression of slpA Cluster Containing gfp Gene and Its Confirmation For expression of the SLGFP fusion gene in Weissella, the pKWCSLGFP expression vector was electroporated into competent cells of W. cibaria KLC140 plasmid host strain and the transformants were selected with chloramphenicol. The presence of the vector in these transformants was confirmed by PCR amplification of the SLGFP fusion gene and gfp (data not shown). Interestingly, green fluorescence signal was detected in these transformants using confocal fluorescence microscopy, confirming the expression of gfp for GFP signal from these confirmed transformants (Fig. 7) . To confirm the secretion and translocation of SLGFP protein on the cell surface, surface layer proteins were isolated by LiCl washing of confirmed transformant cells and used for SDS-PAGE analysis and subsequent Western blot analysis. In the Western blot membrane after hybridization with GFP antibody, a 71 kDa band of SLGFP fusion protein was detected, suggesting that this fusion protein was produced, secreted, and translocated on the cell surface of W. cibaria SL140 (Fig. 8) .
DISCUSSION
The genus Weissella is a Gram-positive bacterium in the family of Leuconostocaceae [24] . Although it has been detected in various fermented foods, animals, and human [3] , molecular study of this genus has not yet been conducted in depth. The recent metagenomic analysis of whole microflora from a Korean traditional fermented vegetable, kimchi, showed that there are three major bacteria (Lactobacillus, Leuconostoc, and Weissella), suggesting that Weissella is one of the lactic acid bacteria in the GRAS level [10] . In addition, Weissella produces useful bioactive compounds such as ornithine from arginine [27] . Furthermore, most recently, the draft genome sequence of W. cibaria KACC 11862 isolated from kimchi was reported for the first time, and subsequent genome sequence analysis revealed that it has the capability to utilize diverse plant-derived carbohydrates for fermentation, reflecting on its adaptation to the given habitat [13] . Interestingly, W. cibaria was also found in human dental samples and it is useful for prevention from dental odor and caries by inhibition of various periodontopathic bacteria with water-soluble glucan and hydrogen peroxide from this species [11, 12] . The sequence analysis and characterization of plasmids from Weissella were not performed until 2007. Two plasmids, pLKCA and pLKCB from W. cibaria isolated from kimchi, were sequenced and characterized [18] . The gene prediction of these two plasmids revealed that pLKCA contains one ORF (orfA) and pLKCB contains two ORFs (orfB1 and orfB2). Whereas pLKCA has a rolling circular replication-related replication protein encoded by orfA, pLKCB does not have a replication protein, which is essential for plasmid replication. However, putative origin of replication regions consisting of three inverted repeats were detected in both plasmids, suggesting that the GenBank database on Weissella genes is too short to predict or identify their specific functions. Furthermore, five of six ORFs in pKW2124 were not predicted properly, probably due to low GenBank information on Weissella genes, substantiating this. Therefore, the molecular study of Weissella is necessary to increase our understanding of this genus on the molecular level and for further applications for production of useful bioactive compounds.
The GC content of Weissella plasmids is ranged between 36.4% and 41.5%, which is much lower than that of the Weissella genome (45%), suggesting that they may be transferred from other related microorganisms. Interestingly, the GC contents of genomes in other major bacteria in kimchi such as Lactobacillus plantarum and Leuconostoc kimchii are 44% and 37%, respectively [14, 17] , suggesting that these plasmids may be originated from Leuconostoc bacteria during kimchi fermentation.
Even though Weissella is one of the major bacteria in microflora of traditional fermented foods and GRAS-level beneficial bacteria with production of good taste/flavor and functional secondary metabolites, this bacterium has not been used as a host for specific gene expression using expression vector to produce specific beneficial compounds. Furthermore, the construction of an expression vector in Weissella has never been reported previously. Therefore, this study reported construction of the first Weissella expression vector, and its gene expression and secretion were confirmed using the GFP fluorescence reporter protein. This expression/secretion system could be used for expression of useful genes such as genes encoding industrially important enzymes and secondary metabolites. However, further experiments, such as vector stability in the host, development of a non-antibiotic selective marker, and optimized protein production conditions, should be done for development of more a effective gene expression/ secretion system in Weissella.
